Pyroxasulfone (3-[5-(difluoromethoxy)-1-methyl-3-(trifluoromethyl) pyrazol-4-ylmethylsulfonyl]-4,5-dihydro-5,5-dimethyl-1,2-oxazole; code name KIH-485) is a novel pre-emergence herbicide for use in wheat, 1) corn, 2-6) soybean 7) and other crops. 1, [8] [9] [10] [11] This herbicide provides good efficacy on both grass and broadleaf weeds. In comparison with other currently available pre-emergence herbicides for use in wheat, pyroxasulfone at the field application rate of 100 g a.i./ha provides efficient control of both herbicide-resistant and susceptible annual ryegrass populations. 1) The proposed label rate of this herbicide for use in corn is 200 to 300 g a.i./ha. 2,3) Pyroxasulfone potently inhibited shoot elongation of weeds; how-ever, selectivity was observed in growth inhibition between weeds and crops. [1] [2] [3] 5, 8, 10) Herbicidal symptoms were similar to those of K3 herbicides categorized by the Herbicide Resistance Action Committee (HRAC), which inhibit the biosynthesis of very-long-chain fatty acids (VLCFAs) with chain lengths of 20 carbons or more.
Introduction
Pyroxasulfone (3-[5-(difluoromethoxy)-1-methyl-3-(trifluoromethyl) pyrazol-4-ylmethylsulfonyl]-4,5-dihydro-5,5-dimethyl-1,2-oxazole; code name KIH-485) is a novel pre-emergence herbicide for use in wheat, 1) corn, [2] [3] [4] [5] [6] soybean 7) and other crops. 1, [8] [9] [10] [11] This herbicide provides good efficacy on both grass and broadleaf weeds. In comparison with other currently available pre-emergence herbicides for use in wheat, pyroxasulfone at the field application rate of 100 g a.i./ha provides efficient control of both herbicide-resistant and susceptible annual ryegrass populations. 1) The proposed label rate of this herbicide for use in corn is 200 to 300 g a.i./ha. 2, 3) Pyroxasulfone potently inhibited shoot elongation of weeds; how-ever, selectivity was observed in growth inhibition between weeds and crops. [1] [2] [3] 5, 8, 10) Herbicidal symptoms were similar to those of K3 herbicides categorized by the Herbicide Resistance Action Committee (HRAC), which inhibit the biosynthesis of very-long-chain fatty acids (VLCFAs) with chain lengths of 20 carbons or more.
We have shown that pyroxasulfone treatment reduced VLCFA contents and increased those of precursors of VL-CFAs in rice cultured cells. 12) VLCFAE activities in etiolated rice seedlings and etiolated Italian ryegrass seedlings were potently inhibited by pyroxasulfone. These results suggested that pyroxasulfone is a potent inhibitor of plant VLCFAEs. Moderate selectivity was also found in the inhibition of VL-CFAEs (elongation steps from C18 : 0 to C20 : 0, from C20 : 0 to C22 : 0 and from C26 : 0 to C28 : 0) by pyroxasulfone between pyroxasulfone-susceptible plants, such as Italian ryegrass, and pyroxasulfone-tolerant plants, such as corn. 12) It has been shown that there are many kinds of VLCFAEs in Arabidopsis and they catalyze multiple elongation steps in the biosynthesis of VLCFAs. [13] [14] [15] [16] [17] [18] [19] We have shown that multiple VLCFAEs are present in rice, and these rice VLCFAEs are
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Materials and Methods

Chemical compounds and plant materials
Pyroxasulfone was synthesized at KI Chemical Industry (Shizuoka, Japan) and provided to Kumiai Chemical Industry Co., Ltd. (Shizuoka, Japan). Cafenstrole was purchased from Wako Chemical Industry (Osaka, Japan). Seeds of rice (Oryza sativa L. var. Nippon-Bare), barnyard millet (Echinochloa frumentacea Link), Italian ryegrass (Lolium multiflorum Lam.), wheat (Triticum aestivum L. var. Nohrin 61), corn (Zea mays L. var. Pioneer 32K61), soybean (Glycine max L. var. Fusamidori), and Arabidopsis (Arabidopsis thaliana, ecotype Columbia-0) were purchased from markets and used in the experiments.
Preparation of microsomal VLCFAEs from plants
Microsomal fractions of etiolated plant seedlings were prepared by modifying the methods described previously. 12) In this study, VLCFAEs were prepared from etiolated plant seedlings as follows. Thirty to sixty grams of each etiolated seedling, grown for 7 days at 27°C on vermiculite, were ground using a mortar and pestle in 150 to 300 ml HEPES-KOH buffer (100 mM, pH 7.2), containing 320 mM sucrose, 10 mM DTT, 2 mM EDTA, 25% (w/v) polyvinylpolypyrrolidone (PVPP), 0.02% (v/v) NaN 3 . The following steps were carried out as reported previously. 12) The microsomal suspensions were stored at Ϫ80°C until an in vitro assay.
Inhibitions of microsomal VLCFAEs of plants by pyroxasulfone
VLCFAE activity was evaluated as reported previously. 12 In the reaction without pre-incubation, microsomal suspension was added to the reaction mixture except for the microsomal fraction and then the reaction was started. The zero-time point for the reaction was used as a negative control. The following steps were carried out as described previously. 12) 
Construction of an assay system for recombinant VL-CFAE of Arabidopsis
Cloning of Arabidopsis FAE1 gene into yeast cells and expression of FAE1
Arabidopsis FAE1 gene was cloned into yeast cells as described previously. 17) Total RNA was prepared from Arabidopsis leaves with RNeasy Plant Mini Kit (Qiagen, Valencia, CA). Reverse transcription (RT) was carried out with the Transcriptor First-Strand cDNA Synthesis Kit (Roche Applied Science). Arabidopsis FAE1 gene 17) was amplified from cDNA of Arabidopsis by Phusion High Fidelity DNA polymerase (New ENGLAND BioLabs Inc., Beverly, MA, USA). The primers used for amplification of the FAE1 gene were 5Ј-AAAAAAGGTACCATGACGTCCGTTAACGTTAAGC-3Ј (forward primer) and 5Ј-AAAAAACTCGAGGGACCGAC-CGTTTTGGACATGA-3Ј (reverse primer). The PCR product digested with KpnI and XhoI (Takara Bio, Otsu, Japan) was ligated into a yeast expression pYES2/CT vector (Invitrogen, Carlsbad, CA, USA) digested with KpnI and XhoI, with DNA Ligation Mighty Mix (Takara Bio). The obtained plasmid was introduced into Saccharomyces cerevisiae (INVSc1 strain) by the lithium acetate method. 20) The obtained transformants were selected on synthetic complete medium agar plate lacking uracil (Cm-ura). Transformed yeast cells grown in Cm-ura supplemented with 2% (w/v) glucose were transferred to Cmura supplemented with 2% (w/v) galactose to induce the expression of C-terminus His-tagged FAE1 and harvested.
Analysis of VLCFA content in yeast cells
Contents of VLCFAs in transgenic yeast cells were analyzed
as methyl esters by GC and GC/MS as reported previously. 12) 4.3. Preparation of yeast microsomal fraction Yeast microsomal fractions were prepared as reported previously. 14, 15, 18) Protein concentrations were determined by the method of Bradford using BSA as a standard. Microsomal fractions were stored at Ϫ80°C until in vitro assay.
Immunoblot analysis
For Western blot analysis, 10 mg microsomal proteins were separated on 10% SDS-PAGE and transferred to a polyvinylidene difluoride (PVDF) membrane (ATTO, Tokyo, Japan) by semi-dry transfer. 21) Western blot analysis was performed according to the standard protocol. C-terminus His-tagged FAE1 was detected using mouse Penta-His Antibody (Qiagen). The immunoblots were visualized using horseradish peroxidase (HRP)-conjugated anti-mouse IgG (Sigma-Aldrich, Piscataway, NJ) and the ECL Advance Western Blotting Detection Kit (GE Healthcare).
Inhibition of recombinant FAE1 of Arabidopsis by pyroxasulfone
Oleoyl-CoA (C18 : 1-CoA) was purchased from Sigma Aldrich. The composition of the reaction mixture was the same as described in Materials and Methods 3. except for using 10 ml yeast microsomal fraction and 10 ml H 2 O instead of 20 ml plant microsomal fraction. It was reported that there are two endogenous VLCFAEs, Elo2 and Elo3, in S. cerevisiae 22, 23) ; however, it was revealed that K3 herbicides did not inhibit their VLCFAE activity at all, but specifically inhibited the VLCFAE activity of plant VLCFAEs. Therefore, in evaluation of the inhibitory activity of pyroxasulfone on FAE1, the reaction mixture containing 100 mM cafenstrole, which is known to inhibit VLCFAE activity of FAE1 completely, 17, 24) was used as a negative control. The reactions were conducted at 30°C for 90 min. The following steps were carried out as described previously. 12) 6. Construction of an assay system for recombinant VL-CFAE of rice 6 
.1. Cloning of rice Q6F365 gene into rice cultured cells and expression of Q6F365
The rice Q6F365 gene 12) was amplified from genomic DNA of rice by Phusion High Fidelity DNA polymerase (New ENGLAND BioLabs). The primers used in amplification of the Q6F365 gene were 5Ј-AAAAAATCTAGATGTTTGCT-GCTTGCCATGGCCGA-3Ј (forward primer) and 5Ј-AAA-AAACTTAAGTCATATGGCCGACACC-3Ј (reverse primer). The PCR product was digested with AflII (New ENGLAND BioLabs) and blunted with T4 DNA Polymerase (Takara Bio), followed by digestion with XbaI (Takara Bio). Modified pSTARA R-4 binary vector plasmid, 25) in which the callus specific promoter (CSP) for driving the Q6F365 gene and NOS terminator were inserted into MCS, 26) was digested with SacI (Takara Bio) and blunted with T4 DNA Polymerase (Takara Bio), followed by digestion with XbaI. The insert was ligated into the binary vector with a DNA Ligation Kit (Takara Bio). The obtained Q6F365 gene-inserted R-4 plasmid was amplified in Escherichia coli strain HST02 (Takara Bio). This binary vector plasmid was introduced into cells of Rhizobium radiobactor (Agrobacterium tumefaciens) EHA 105 strain by electroporation. Bispyribac-sodium (BS) 27) selected rice cultured cells transformed 28) with the Q6F365 gene, and those transformed with empty R-4 vector were cultivated at 27°C for 2 weeks in liquid MS medium containing 0.25 mM BS 27) and then harvested.
6.2. Analysis of VLCFA content in rice cultured cells Contents of VLCFAs in control rice cultured cells and rice cultured cells transformed with the Q6F365 gene were compared by GC and GC/MS, as reported previously. 12) 6.3. Preparation of microsomal fraction from rice cultured cells Microsomal fractions of rice cultured cells were prepared as described previously. 12) Protein concentrations were determined by the Bradford method using BSA as a standard.
6.4. RT-PCR analysis Total RNA was prepared from rice cultured cells and reverse transcription (RT) was performed according to the methods for Arabidopsis cDNA. The primers used for RT-PCR were 5Ј-GCAGGTTATACAGAGAAGGC-3Ј (forward primer) and 5Ј-TAGTGGTACCCCAGCTT-3Ј (reverse primer). In RT-PCR analysis, the nucleotide from 3Ј region of CSP to 5Ј region of ORF of Q6F365 was amplified.
6.5. Real-time RT-PCR analysis The concentrations of total RNA prepared for RT-PCR analysis were determined using a NanoDrop ND-1000 spectrometer (NanoDrop Technologies, Wilmington, DE). Reverse transcription (RT) was carried out with the PrimeScript RT Reagent Kit (Perfect Real Time) (Takara Bio). A 10 ml sample of RT reaction mixture was prepared containing the following: 500 ng total RNA, 0.5 ml of 100 mM random hexamer, 0.5 ml of 50 mM Oligo dT Primer, 2 ml of 5ϫPrimeScript Buffer, 0.5 ml PrimeScript RT Enzyme Mix I and RNase-free H 2 O to 10 ml volume. The reaction mixture was incubated at 37°C for 15 min and reverse transcriptase was inactivated by heating at 85°C for 5 sec. Real-time PCR was run on a Thermal Cycler Dice Real Time System TP800 (Takara Bio). A 25 ml amount of PCR reaction mixture was prepared containing the following: 2 ml cDNA, 0.2 ml of 50 pmol/ml forward primer, 0.2 ml of 50 pmol/ml reverse primer, 12.5 ml of 2ϫ SYBR Premix Ex Taq II and H 2 O to 25 ml volume. Amplification conditions were as follows: 30 sec at 95°C, then 40 cycles at 95°C for 5 sec and 60°C for 30 sec. The primers used for amplification of the Q6F365 gene were 5Ј-CAAGGGGC-GGATCAAGAAG-3Ј (forward primer) and 5Ј-CCACGGGT- Vol. 36, No. 2, 221-228 (2011) Studies on the inhibition of plant very-long-chain fatty acid elongase by a novel herbicide, pyroxasulfone 223 TGGTGAAGTTG-3Ј (reverse primer); b-actin gene, 5Ј-CC-CAAGAATGCTAAGCCAAGAG-3Ј (forward primer) and 5Ј-TGATAACAGATAGGCCGGTTGAA-3Ј (reverse primer). The forward primer for the b-actin gene and the reverse primer for the Q6F365 gene were designed to recognize unique sequences found in the 5Ј-untranslated region and the ORF of each gene, respectively. Rice b-actin was used as an internal standard (housekeeping gene). Data analysis was carried out with the Thermal Cycler Dice Real Time System TP800 (Takara Bio). 6.6. Analysis of VLCFAE activity in rice cultured cells Stearoyl-CoA (C18 : 0-CoA), oleoyl-CoA (C18 : 1-CoA), arachidoyl-CoA (C20 : 0-CoA), behenoyl-CoA (C22 : 0-CoA) and lignoceroyl-CoA (C24 : 0-CoA) were used as substrates for analysis of VLCFAE activities, which were evaluated according to the methods in Materials and Methods 3. The reactions were conducted at 30°C for 90 min.
Inhibition of recombinant Q6F365 of rice by pyroxasulfone
Inhibitory activity of pyroxasulfone on recombinant Q6F365 was examined according to Materials and Methods 3. Microsomal suspensions from control rice cultured cells and those transformed with the Q6F365 gene were used in this experiment. 
Phylogenetic analysis of amino acid sequences
Phylogenetic analysis of VLCFAE amino acid sequences of rice and Arabidopsis was performed with the ClustalW algorithm. 29) Putative rice VLCFAEs were described by Uniplot ID and Arabidopsis VLCFAEs by gene name.
Results and Discussion
Inhibition of activities of microsomal VLCFAEs by pyroxasulfone
VLCFAE activities of rice and Italian ryegrass, which catalyzes the elongation step from C24 : 0 to C26 : 0, were potently inhibited by pyroxasulfone. Inhibitory potencies to VL-CFAE activities of wheat, corn were moderately weaker than those of rice and Italian ryegrass ( Table 1 , Fig. 1 ), suggesting that there were differences in the inhibitory potencies against VLCFAEs between pyroxasulfone-susceptible plants (rice, Italian ryegrass and barnyard millet) and tolerant plants (wheat, corn and soybean). This was considered to be one of the factors involved in the selectivity of pyroxasulfone between weeds and crops.
In general, VLCFAE-inhibiting herbicides contain a highly electrophilic carbon atom in their chemical structure. Accordingly, the inhibition mechanism of VLCFAEs by these herbicides has been assumed to be a nucleophilic reaction of the SH group of cysteine residue in the active center of VLCFAEs with the herbicides. 24, [30] [31] [32] This inhibition mechanism would give a time-dependent inhibition manner by herbicides; however, pyroxasulfone inhibited VLCFAE activities, which catalyzed the elongation step from C24 : 0 to C26 : 0, of all plants examined in this study in a time-independent manner (Fig. 2 ).
Construction of an assay system for a recombinant VLCFAE of Arabidopsis
Eight out of 21 putative Arabidopsis VLCFAEs have been characterized. [13] [14] [15] [16] [17] [18] [19] We prepared yeast cells which are transformed by the Arabidopsis FAE1 gene. 17) FAE1 protein expression in transformed yeast cells was confirmed by Western blot analysis (Fig. 3A) . The transformed yeast cells accumulated much more VLCFAs, such as C20 : 0 and C20 : 1, than the control, which was transformed with the empty vector plasmid (Fig. 3B ). Construction of an assay system for recombinant FAE1 was confirmed by these results.
Inhibition of a recombinant FAE1 of Arabidopsis by pyroxasulfone
Shoot elongation of Arabidopsis was potently inhibited by pyroxasulfone over 10 Ϫ6 M concentration (data not shown). Pyroxasulfone potently inhibited VLCFAE activity of the recombinant FAE1 in microsomes prepared from transformed yeast cells, which catalyzed the elongation step from C18 : 1 to C20 : 1 (Fig. 4A) . Also, pyroxasulfone inhibited the VLCFAE activity of FAE1 in a time-dependent manner, indicating that the inhibition manner of FAE1 by pyroxasulfone might be ir-reversible (Fig. 4B) . The pseudo-first order rate constant (ki) of the irreversible inhibition of FAE1 by pyroxasulfone was calculated to be 3.2ϫ10 5 M Ϫ1 · min Ϫ1 (Fig. 4C ). Based on these results, the inhibition of FAE1 by pyroxasulfone is assumed to be due to the nucleophilic reaction of the SH group Vol. 36, No. 2, 221-228 (2011) Studies on the inhibition of plant very-long-chain fatty acid elongase by a novel herbicide, pyroxasulfone 225 Fig. 4 . Inhibitory effects of pyroxasulfone on VLCFAE activity of recombinant Arabidopsis FAE1. Each data set is expressed as the meanϮSD of three or four independent experiences. (A) Inhibitory potencies against VLCFAE activity of FAE1, which catalyzes the elongation step from C18:1 to C20:1. VLCFAE activity of recombinant FAE1, which catalyzes the elongation step from C18 : 1 to C20 : 1, was 2.7 nmol/mg protein/90 min. (B) Inhibition of FAE1 by 10 Ϫ6 molar concentration of pyroxasulfone. VLCFAE activity of recombinant FAE1, which catalyzes the elongation step from C18 : 1 to C20 : 1, was 2.7 nmol/mg protein/90 min. (C) Pseudo-first order reaction plots for the irreversible inhibition of FAE1 by pyroxasulfone using the data in Fig. 4B . P, residual activity of FAE1 (% of control); ki, pseudo-first order rate constant; I, pyroxasulfone concentration (M); t, pre-incubation time (min).
of cysteine residue in the active center with pyroxasulfone, which is consistent with the previously supported hypothesis. 24, [30] [31] [32] 
Construction of an assay system for a recombinant VLCFAE of rice
At least 14 putative rice VLCFAEs have been found by blastp search with the amino acid sequences of several Arabidopsis VLCFAEs. 12) We attempted to construct an assay system for recombinant VLCFAEs using yeast cells; however, introduced rice VLCFAE genes were slightly expressed or were not expressed at all in transformed yeast cells (data not shown), suggesting that it is difficult to construct an assay system for rice VLCFAEs with yeast cells. Then, we tried to develop an assay system using rice cultured cells. In this method, we chosen Q6F365 and Q5Z6S3 genes, which are rarely expressed in rice cultured cells but are strongly expressed in rice roots and rice shoots, respectively, based on the results of the gene expression profile using a microarray. 12) Transformed rice cul-tured cells were cultivated and then the expression of introduced genes, VLCFA contents and VLCFAE activities of those rice cultured cells were evaluated. In rice cultured cells transformed with the Q6F365 gene (Fig. 5A ), the expression of the Q6F365 gene driven by callus specific promoter (CSP) was confirmed by RT-PCR ( Fig. 5B, Lane 5) . It was also shown that the quantity of Q6F365 gene expression in rice cultured cells transformed with the Q6F365 gene was approximately 1300-fold higher than that of the endogenous Q6F365 gene in control rice cultured cells by real-time RT-PCR ( Fig.  5C ). These expression analyses by RT-PCR and real-time RT-PCR suggested that the Q6F365 gene driven by CSP was strongly expressed in rice cultured cells transformed by the Q6F365 gene. In addition, higher accumulation of VLCFAs and stronger VLCFAE activities than those in the control were observed in rice cultured cells transformed with the Q6F365 gene ( Fig. 6A, 6B) . These results suggested not only that the construction of an assay system for recombinant Q6F365 was successful but also that Q6F365 was one of the rice VL- CFAEs, which catalyzed the elongation steps from C18 : 0 to C20 : 0, C18 : 1 to C20 : 1, C20 : 0 to C22 : 0, C22 : 0 to C24 : 0 and C24 : 0 to C26 : 0. On the other hand, the construction of an assay system for recombinant Q5Z6S3 was unsuccessful (data not shown).
Inhibition of a recombinant Q6F365 of rice by pyroxasulfone
VLCFAE activities in rice cultured cells transformed with the Q6F365 gene was assumed to be the sum of those in the control (A) and that of recombinant Q6F365 expressed in rice cultured cells transformed with the Q6F365 gene (B). Thus, the inhibition percentage of VLCFAE activity in rice cultured cells transformed with the Q6F365 gene (Z) was assumed to be the sum of that in the control (X) and that of recombinant Q6F365 expressed in rice cultured cells (Y). Accordingly, the equation: Zϭ(AXϩBY)/AϩB, which corresponds to the equation: YϭZϩA (ZϪX)/B, would be applied to elucidate the inhibitory activity of pyroxasulfone on Q6F365; therefore, Y was found from calculations using the experimental data of A, B, X and Z. Pyroxasulfone inhibited the VLCFAE activities of recombinant Q6F365, which catalyzed the elongation steps from C18 : 0 to C20 : 0 and C20 : 0 to C22 : 0, respectively (Fig.  7A) . Also, pyroxasulfone inhibited the VLCFAE activity of recombinant Q6F365, which catalyzes the elongation step from C18 : 0 to C20 : 0 in a time-independent manner (Fig.  7B ). This inhibition manner was different from that of FAE1, indicating that the inhibition mechanism of Q6F365 by pyroxasulfone is reversible; therefore, it was considered that pyroxasulfone might not react with the SH group of the cysteine residue in the active center of Q6F365. This result showed a new inhibition mechanism of a VLCFAE by pyroxasulfone. 
Phylogenetic analysis of genome sequence
We performed phylogenetic analysis with the ClustalW algorithm based on amino acid sequences of 14 putative rice VL-CFAEs containing two Arabidopsis VLCFAEs, such as At4g34520 (FAE1) and At5g43760 (Fig. 8) . As a result, rice Q6F365 was remotely clustered from Arabidopsis FAE1 in the phylogenetic tree ( Fig. 8 ). As described above, a critical difference was found in the inhibition manner by pyroxasulfone between FAE1 and Q6F365 (Figs. 4B, 7B ). This difference might depend on the difference in enzymatic properties between FAE1 and Q6F365, which was implied by phylogenetic analysis.
Considering that the inhibition manner of microsomal VL-CFAEs of the tested plants by pyroxasulfone was time-independent, as was that of recombinant Q6F365 (Figs. 2, 7B ), most plant VLCFAEs were presumed to be inhibited in a time-independent manner. In order to elucidate the inhibition mechanism in more detail, we need to study that of each VL-CFAE of Arabidopsis, rice and other plants by pyroxasulfone. The time-independent reversible inhibition of rice Q6F365 and microsomal VLCFAEs of the tested plants proposes a new inhibition mechanism of VLCFAEs by pyroxasulfone. This might alter the former hypothesis 24, [30] [31] [32] of the inhibition mechanism of VLCFAE-inhibiting herbicides that the SH group of cysteine residue in the active center of VLCFAEs reacts with them by a nucleophilic reaction. Fig. 8 . Phylogenetic tree for Arabidopsis VLCFAEs and putative rice VLCFAEs based on amino acid sequences. Putative rice VL-CFAEs are described by Uniplot ID and two Arabidopsis VLCFAEs are described by gene name.
